Background. The species-specific risk of cardiac device-related infection (CDRI) among bacteremic patients is incompletely understood.
Infection is a devastating complication of cardiac device (CD) use [1] [2] [3] [4] [5] . Among patients with a CD who develop bacteremia, some but not all have underlying CD-related infection (CDRI). This distinction is important because treatment of CDRI generally requires surgical removal of the device. By contrast, bacteremia in patients with noninfected CDs can be treated with antibiotics alone [6] [7] [8] .
Indirect evidence suggests that the risk of CDRI differs among bacterial species. For example, our group and others have documented the high rate of CDRI associated with Staphylococcus aureus bacteremia (SAB) [2, 9] . By contrast, available evidence suggests that the risk of CDRI in patients with Gram-negative bacteremia (GNB) is small [10, 11] . This impression has led to the recommendation that routine echocardiography to assess for CDRI in patients with a known alternative source of bacteremia due to any species of Gram-negative (GN) bacteria is not warranted [10, 12] . However, virtually nothing is known about whether the risk for CDRI is uniform across all GN bacterial species. In this study, we used a large cohort of prospectively enrolled patients to evaluate whether the risk of CDRI in a patient with a CD who develops bacteremia differs according to the species of the bloodstream pathogen.
METHODS

Study Population
All inpatients with either monomicrobial SAB or GNB from October 1, 2002 to December 31, 2014 at Duke Medical Center and Duke Regional Hospital were prospectively enrolled in the Bloodstream Infections Biorepository, which allowed for the collection of detailed clinical and microbiological information. Within this cohort, only patients with SAB or GNB and an implantable CD met the inclusion criteria for the present study and were further analyzed. Patients with candidemia were excluded from the study. The following CDs were included: permanent pacemakers (PPMs), automatic implantable cardioverter defibrillators (AICDs), prosthetic heart valves (PHVs) including valvular support rings, and left ventricular assist devices (LVADs). Because PPMs and AICDs are structurally similar, these patients were grouped together into a single category. Patients with ≥1 CD were classified as having multiple devices. Detailed clinical data, including patient characteristics, treatment patterns, and outcomes, were collected on a standardized case report form and entered into an electronic database (Microsoft Access 2016). This study had full approval from the Duke Institutional Review Board (IRB). Written informed consent was obtained from all patients or their legal representative. If a patient died before notification of blood culture results, the subjects were enrolled using an IRB-approved Notification of Decedent Research.
Definitions
As outlined previously [2] , CDRI was considered definite or rejected. Definite CDRI was confirmed either clinically or microbiologically. Definite CDRI was clinically confirmed if (1) echocardiography demonstrated valvular or lead vegetations or the modified Duke criteria for infective endocarditis (IE) were met and/or (2) there was clinical evidence of erythema, warmth, fluctuance, wound dehiscence, erosion, or tenderness at the generator site [13] . Definite CDRI was microbiologically confirmed if cultures involving the CD were positive. Cardiac device-related infection was rejected if (1) the patient had no evidence of CDRI at the time of initial blood culture, the CD was not removed, there was no evidence of recurrent infection 12 weeks after the onset of bacteremia, and/or (2) no evidence of CDRI at autopsy. Cardiac device-related infections were defined as indeterminate if death occurred before CDRI was confirmed or rejected. In cases involving LVADs, only LVAD-specific infections were included according to definitions recognized by the International Society for Heart and Lung Transplantation [14] .
Regarding the site of acquisition, the bacteremia was categorized as either hospital-or community-acquired [15] . Hospitalacquired bacteremia was defined as the bacteremia diagnosed ≥48 hours after hospital admission [16] . Community-acquired bacteremia was defined as the bacteremia diagnosed <48 hours after hospital admission. Community-acquired bacteremia was further subdivided into the following: (1) healthcare-associated (HCA) bacteremia and (2) non-HCA bacteremia. Healthcareassociated bacteremia, as modified by Friedman et al [16] , was defined as a bacteremia diagnosed <48 hours after hospital admission in patients that meet 1 or more of the following criteria: hospitalized in past 90 days, resident of nursing home or long-term care facility, actively receiving home intravenous therapy, received wound care or specialized nursing care in previous 30 days, received hemodialysis in past 30 days, immunosuppressed (eg, presence of metastatic cancer, history of solid organ or hematological transplant, chemotherapy in last 30 days, currently on immunosuppressive medication for any reason), or surgery in last 180 days. Non-HCA bacteremia is any community-acquired bacteremia not meeting criteria for HCA bacteremia. Source of infection refers to the primary focus of the bacteremia. Patients with skin/soft tissue infection (eg, cellulitis) as the source of the bacteremia were grouped into a single source category (skin/soft tissue). Patients with gastrointestinal ([GI] eg, biliary tract) or genitourinary (GU) sources (eg, pyelonephritis) were grouped (GI/GU). An endovascular infection included sources such as central venous catheters, etc. Patients with bacteremia originating from the respiratory tract were grouped (respiratory/lung). Sources that did not fit into a predefined category were placed in "other. " Bacteremia with no identifiable source was placed in the "none/unknown" category. Bacteremia episodes were classified as early (<1 year after device implantation) or late (≥1year after device implantation) [2] . Persistent bacteremia was defined as ≥5 days of positive blood cultures. Patients were considered to have developed a complication from their bacteremia if they developed any of the following conditions: acute renal failure, acute lung injury/ acute respiratory distress syndrome, disseminated intravascular coagulation, septic shock, IE, or prosthetic device infection. Acute Physiology and Chronic Health Evaluation (APACHE) II scores were calculated on the day of the index positive blood culture [17] . A chronic health point score (CHS) was calculated as part of the APACHE II score. The point system for this score is as follows: if a patient has severe organ system insufficiency (biopsy-proven cirrhosis, New York Heart Association Classification stage IV heart disease, dialysis, severe chronic obstructive pulmonary disease, or an immunosuppressive condition [eg, human immunodeficiency virus infection, organ transplant, chemotherapy]) and admitted for a nonoperative or after emergency surgery, they are assigned 5 points; if admitted for an elective surgery (and have severe end-organ disease), they receive 2 points; all others receive no points [17] .
Bacterial isolates were speciated by the Duke Clinical Microbiology Laboratory using standard techniques. Minimum inhibitory concentration (MIC) values were determined using the MicroScan Walkaway system (microbroth dilution method) as described previously [18] . The MIC breakpoint values for each antibiotic were defined according to the most recent Clinical and Laboratory Standards Institute guidelines. Multidrug-resistant (MDR) phenotype was defined as nonsusceptible to at least 1 agent in ≥3 relevant antimicrobial categories [19] . For S aureus, Enterobacteriaceae, and Pseudomonas aeruginosa, appropriate antimicrobial categories have been previously defined [19] .
Statistical Analysis
Baseline characteristics and clinical events are presented as means with standard deviation for continuous variables and frequencies with proportions for categorical variables. Statistical comparisons between groups for continuous variables were made with Student's t test if the assumption of normality was satisfied; otherwise, the Wilcoxon rank-sum test was used. For categorical variables, comparisons were made using Pearson's χ 2 test when cell frequencies were sufficient; otherwise, Fisher's exact test was used.
Multiple logistic regression models were fit to assess the association of clinical characteristics with definite CDRI. The backward variable selection technique was applied to arrive at a model containing only variables significantly associated with CDRI. Variables included in the combined model were selected based on clinical judgment and included patient demographics (eg, age), medical comorbidities (eg, chronic health points), source (eg, endovascular), and microbial species (eg, S aureus). The CHS of the APACHE II was used as an estimate of comorbid conditions in the cohorts. The reference group used to estimate the odds ratios (ORs) was the uninfected CD group. Cases of indeterminate CDRI were not included in the statistical analysis. Given the low number of CDRIs associated with GN bacilli, only P aeruginosa and Serratia marcescens were investigated as individual microbial species; the remainder of the GN bacilli were consolidated into a single "other" microbial species category for the model. Variables in the SAB subpopulation analysis included age, persistent bacteremia, source, and recent surgical procedure. Variables in the GNB subpopulation analysis included CHS, MDR, and microbial species.
For all tests, a P value < .05 was considered statistically significant. All analyses were performed using SAS 9.4 (Cary, NC).
RESULTS
Patient Demographics
A total of 2571 patients with monomicrobial bacteremia due to either SAB (N = 1039, 40.4%) or GNB (N = 1532, 59.6%) were prospectively enrolled during the 12-year study period. Of these patients, 284 (11.0%; SAB [N = 152, 53.5%]; GNB [N = 132, 46.5%]) had at least 1 CD in place at the time of their bacteremia (Table 1 and Supplemental A.1). Less than 1% of patients with a PHV had undergone transcatheter aortic or pulmonic valve replacement. In the CD-GNB cohort, 64 patients (48.5%) underwent some form of echocardiography compared with 142 (93.4%) patients in the CD-SAB cohort (Supplementary Table S1 ).
The clinical characteristics of patients with SAB (CD-SAB) and GNB (CD-GNB) were significantly different. Patients with SAB had a higher proportion of PPMs/AICDs (63.8% vs 40.1%, P < .001), whereas patients with CD-GNB had a significantly higher percentage of multiple devices (28% vs 13.8%, P < .001) (Supplemental A.2). The CD-GNB patients had a significantly greater burden of chronic health comorbidities, including malignancy (24.2% vs 10.5%, P < .001) and surgery within the last 30 days from the index positive blood culture (37.9% vs 24.5%, P < .001) ( Table 1 ). The CD-SAB patients were significantly more likely to have persistent bacteremia (27.6% vs 4.6%, P < .001) and complications arising from their bacteremia (84.9% vs 21.1%, P < .001). In addition, the route of infection was different, as CD-SAB patients were more likely to have a community-acquired source of bacteremia (65.3% vs 45.4%, P < .001), whereas CD-GNB patients more often had a hospital-acquired bacteremia (42.4% vs 18.4%, P < .001). There were also differences noted in bacteremia source. The CD-SAB patients more often had skin/soft tissue sources or sources (19.7% vs 11.4%, P < .001) ( Table 1 ) that were classified in the other category (28.3% vs 10.6%, P < .001) ( Table 1 and Supplementary  Figure S1 ), whereas CD-GNB patients were more likely to have bacteremia originating from a GI/GU source (37.9% vs 0%, P < .001).
Microbiology and Infection Rates
The microbiological distribution of bacteremia in the CD-SAB and CD-GNB cohorts is presented in (Table 2 and  Supplementary Table S2 ). The risk of CDRI differed significantly among the S aureus and GN bacterial cohorts (Table 3) . Of the 284 patients with bacteremia and a CD, 83 (54.6%) patients with SAB and 22 (16.7%) patients with GNB met criteria for definite CDRI (P < .0001). Cardiac device-related infection was rejected in 50 (32.9%) of CD-SAB patients and 69 (52.2%) of CD-GNB patients. Cardiac device-related infection remained indeterminate in 19 (12.5%) patients in the CD-SAB cohort and 41 (31.1%) patients in the CD-GNB cohort.
Definite Cardiac Device-Related Infection
The types of infected CDs differed among patients with definite CDRI in the 2 cohorts (Figure 1 ). Patients with definite CDRI in the S aureus cohort were significantly more likely to have infected PPMs/AICDs (68.7% vs 13.6%, P < .001), whereas patients with definite CDRI in the GN cohort were more likely have to infection involving multiple CDs (63.6% vs 10.8%, P < .001) (Supplemental A.3). (Figure 2 ; see Supplementary Table S2 for complete list of species). In patients with a definite CDRI due to P aeruginosa or S marcescens, 5 patients (71.4%) patients and 4 patients (57.1%) had a concurrent LVAD, respectively (Supplemental A.4). Of the 83 cases of CDRI due to S aureus, 33 cases (~40%) were methicillin resistant (Supplementary Table  S3 ). A total of 7 of 22 (31.8%) patients in the GNB cohort were infected with MDR pathogens (Supplementary Table S3 ). The source of the bacteremia for patients with CDRI in the GNB cohort varied (Supplementary Table S4 ).
Multivariate Logistic Regression Analysis
To identify risk factors associated with CDRI, multivariate logistic regression analyses were performed on the combined cohort of patients with SAB and GNB. Cardiac devicerelated infection was more likely in patients with pre-existing comorbid conditions (indicated by a score of 2 on the Chronic Health Component Score of APACHE II; OR = 7.80; 95% CI, 1.37-44.53; P = .021) and less likely among older patients (OR per 10-year increase = 0.74; 95% CI, 0.58-0.94; P = .013). Bloodstream bacterial species was also significantly associated with CDRI ( Figure 3) . Cardiac device patients with bacteremia due to S aureus (OR = 5.57; 95% CI, 2.16-14.36; P < .001), P aeruginosa (OR = 50.28; 95% CI, 4.16-606.93; P = .002), or S marcescens (OR = 7.75; 95% CI, 1.48-40.48; P = .015) were at increased risk of CDRI compared with patients with bacteremia due to all other species of GN bacilli.
Subgroup Analyses
Among patients with SAB, persistent bacteremia (OR = 3.34; 95% CI, 1.20-9.30; P = .021) and surgery within 30 days of the index positive blood culture (OR = 5.19; 95% CI, 1.23-21.92; P = .025) were associated with an increased risk for CDRI (Supplementary Figure S2) . Gender, race, early/late bacteremia, device type (PPMs/AICDs vs PHVs), and methicillin resistance were not associated with CDRI in the CD-SAB cohort (data not shown). By contrast, the results supported an association between the species of the bloodstream pathogen and the risk of CDRI among patients with GNB (Supplementary Figure S3) . Compared with patients with bacteremia due to "other" GN species, the results supported the finding of an increased risk of CDRI among patients with bacteremia due to S marcescens (OR = 7.77; 95% CI, 1.81-33.39; P = .006) or P aeruginosa (OR = 57.7; 95% CI, 5.39-619.01; P < .001).
DISCUSSION
Using a prospective cohort of bacteremic patients with CDs from 1 academic medical center, our findings suggest that the risk of definite CDRI in patients with GNB may vary according to species. Although the risk of CDRI is relatively low with organisms such as E coli, Klebsiella, and Enterobacter, the risk of CDRI among patients with bacteremia due to Pseudomonas or Serratia was similar to that of S aureus.
More than half of the patients with S aureus bacteremia in this investigation had definite CDRI. This finding is consistent with previous reports [2, 11, 20] and strengthens the generalizability of our results. However, in this study, we make the new discovery that the risk of definite CDRI associated with Pseudomonas or Serratia bacteremia was similar to that of S aureus. Although Pseudomonas and Serratia constituted less than 10% of GNB cases in this study, definite CDRI risk was high when they were present. By contrast, the risk for definite CDRI associated with other GN species was low (~7.6%). This low CDRI rate in non-Pseudomonas/Serratia GNB is consistent with prior reports [10, 11] . For example, Uslan et al [10] reported that that 6% of 49 patients with PPM/AICDs who developed GNB had either definite (2 patients) or possible (1 patient) CDRI. It is interesting to note that although less than 
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Percent CDRI Figure 2 . 20% of patients in the Uslan et al [10] study had bacteremia due to either Pseudomonas (8 patients; 16%) or Serratia (1 patient; 2%), 2 of the 3 cases of definite or possible CDRI were caused by these pathogens.
These results suggest that CDRI risk with Pseudomonas or Serratia bacteremia is approaching the risk encountered in SAB, where echocardiography in patients is regarded as standard of care given the rate of IE [21, 22] . Almost all patients (93.4%) with SAB in the CD-SAB group underwent echocardiography compared with slightly less than half (48.5%) in the CD-GNB cohort. The results of this study suggest that patients with a CD who develop bacteremia due to either Pseudomonas or Serratia should be considered for echocardiography or other appropriate diagnostic studies to evaluate for CDRI.
Staphylococcus aureus, Pseudomonas, and Serratia have important epidemiologic and functional characteristics that are consistent with the elevated risk for CDRI that we observed in this investigation. Epidemiologically, S aureus is the leading cause of IE involving both native [23] and prosthetic [24] valves. Although IE due to enteric GNB is rare [25] , outbreaks of IE due to both Pseudomonas [26] and Serratia [27] are well described. Functionally, all 3 species produce a variety of virulence factors that promote adhesion to host proteins and biofilm development. Staphylococcus aureus uses adhesive proteins collectively known as MSCRAMMs (microbial surface components reacting with adherence matrix molecules), forms biofilms, and produces persister cells that evade the host immune system and render antibiotics ineffective [28] [29] [30] [31] . Pseudomonas and Serratia also possess a number of virulence factors, such as fimbriae or fimbria-like adhesins, which mediate surface attachment and biofilm formation [32] [33] [34] [35] [36] .
Patients with CDs who developed SAB and GNB were significantly different. Patients with CD-GNB exhibited higher levels of comorbid conditions (as estimated by CHS, a component of the APACHE II score), with significantly higher rates of hospital-acquired infection, malignancy, and recent surgery [17] . Patients in the CD-GNB cohort were also more likely to have multiple devices than patients in the CD-SAB cohort. In many of these patients, at least 1 cardiac device was an LVAD. These findings are consistent with prior studies reporting a high prevalence of nosocomial GN LVAD infections [37, 38] . By contrast, patients with SAB were more likely to have community-acquired infection, a finding that is also in agreement with prior studies [39] . Cardiac device-SAB patients were more likely to exhibit persistent bacteremia or sustain complications, findings that are consistent with the inherent virulence of the organism and its inclination for metastatic seeding [40, 41] . Cardiac device-related infections in the CD-SAB cohort were more likely to involve PPMs/AICDs. Overall, these findings indicate that the patients in the CD-GNB cohort were more chronically ill relative to the CD-SAB cohort.
The current study has several limitations. First, the investigation was performed at a tertiary referral center and subject to referral bias. Approximately 10% of study patients were outside hospital referrals; however, study conclusions were unchanged when these patients were excluded from the analysis. Moreover, as a referral center, we were also limited in our ability to more precisely document the time from CD placement to bacteremia in approximately 25% of patients in the combined cohort. Second, mortality in patients categorized as having an indeterminate CDRI prevented the confirmation of infection status. To address the limitation of patient censoring because of early death, we repeated the analysis after excluding patients who died within 5 days of bacteremia (n = 4) and found no changes in study conclusions. Third, the only Gram-positive (GP) organism investigated was S aureus, and thus these findings cannot be extrapolated to other GP pathogens. Finally, the small number of patients with CDRIs in the CD-GNB cohort limited our ability to perform statistical modeling in this subpopulation, and we often encountered larger confidence intervals in this cohort. Consequently, we were unable to identify clinical risk factors associated with CDRI, to examine those patients with CDRI due to Pseudomonas or Serratia separately, or to remove patients with multiple devices or a concurrent LVAD. We appreciate that LVAD infections have independent algorithms for management [14] . However, as the numbers of patients with multiple CDs continue to increase, diagnostic and treatment algorithms will overlap. Studies that begin to incorporate instead of exclude this complex population represent a step forward in understanding how to best integrate these algorithms in the future, because these are increasingly the patients being encountered clinically.
CONCLUSIONS
Despite these limitations, the results of this investigation provide several key observations. Patients with CDs who develop SAB or GNB differ in their clinical characteristics, rates of infection, and the types of devices that are infected. Although P aeruginosa and S marcescens were infrequent causes of bacteremia in patients with CDs, they have comparable CDRI risk to that of S aureus when present. Imaging studies to evaluate for underlying CDRI should be considered in these patients. Future studies that include more patients and other institutions are needed to validate these findings.
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